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Introduction
Empirical antibiotics are crucial in the management of fever in patients who are neutropenic after chemotherapy for haematological malignancies. [1] Rising antibiotic resistance, however, threatens to limit the options for empirical and definitive treatment. Infections with multi-drug resistant organisms (MDROs) carry a high mortality, especially in the haematology-oncology setting. [2-4] Of particular concern are the ESKAPE organisms (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species) which are the leading cause of nosocomial infections among immunocompromised individuals and are often characterized by antibiotic resistance. [5] Judicious antibiotic use, generally through an antibiotic stewardship program, is recommended as part of a multipronged approach against MDROs.
[6] Like other haematology units, we were concerned about the increase in multi-, extremely-and pan-drug resistant (M-, X-, P-DR) gram-negatives, and their adverse impact on patient survival. [2, 3, [7] [8] [9] Antibiotic cycling has been mooted as one way in which the development of resistance may be prevented.
[10] The principle behind cycling is straightforward. Heavy use of an antibiotic over a prolonged period will likely engender resistance to that antibiotic. It is posited that a scheduled withdrawal of that antibiotic (or all in its class) for a set period should re-establish susceptibility to that antibiotic. During the period when the original antibiotic is restricted, a suitable alternative is used. [10, 11] As this alternative has not been used in the previous period, most of the organisms in the unit should be susceptible to it. The process can be repeatedhence the term cycling.
Unfortunately, the results of cycling studies have been mixed. In a bone marrow transplant unit, cycling was associated with stable rates in gram-negative resistance but a rise in ampicillin and vancomycin resistance among Enterococci. [12] In another study, cycling did not increase gram-negative resistance, but there was an increase in VRE. [13] Outside of the Haematology-Oncology setting, attempts at cycling have also yielded modest results at best. [10] Methodological flaws, the use of historical controls and concomitant interventions all make conclusions difficult. [11] In addition to antibiotic cycling, mathematical models have shown that heterogeneous antibiotic use (i.e. a balanced use of antibiotics) could reduce the emergence of resistance. [11] A strategy of antibiotic "mixing" was attempted by Sandiumenge et al in an ICU. [14] During periods of high antibiotic homogeneity, the rates of carbapenem-resistant Acinetobacter baumannii and extended spectrum beta-lactamase (ESBL)-producing Enterobacteriaceae were high, but fell during the more heterogeneous period. [14] In a repeat study that focused only on the ESKAPE organisms, Sandiumenge et al again showed that during the "mixing" period, there was a lower rate of resistant ESKAPE organisms. [15] A Japanese study also showed that increasing antibiotic heterogeneity reduced the incidence of gram-negative infections. [16] Our hospital is a 1700 bed tertiary hospital. In the Department of Haematology (DoH), cefepime (CEF) had been the first-line empirical antibiotic in febrile neutropenia for several years. [17] We hypothesized that antibiotic heterogeneity might retard the inexorable march towards pan-drug resistance, without significantly affecting mortality.
Methods

Strategy
In view of data negative for cycling and promising for antibiotic heterogeneity, increasing antibiotic heterogeneity was considered a viable approach to the rising problem of MDROs. After a consensus meeting comprising haematologists and infectious diseases physicians, it was decided that the choice of empiric (i.e. first-line) antibiotic for febrile neutropenia would be piperacillin-tazobactam (PTZ) on odd dates, and a cefepime-amikacin (CEF-AMK) combination on even dates. (See Fig 1) Patients with a beta-lactam allergy would be started on aztreonam. If the patient was still febrile at 48 hours, and cultures remained negative, physicians had several options, including continuing the originally prescribed antibiotics, adding vancomycin, We embarked on this before-and-after study to assess the utility and consequences of this use of alternating first-line antibiotics in febrile neutropenia. The primary objective was to determine if there was any impact on all-cause mortality in 2014 (after strategy implementation) compared to 2012 (before strategy implementation). The secondary objectives were to determine differences in rates of the following between the two study periods: bacteraemiaassociated deaths, new cases of MRSA, new cases of VRE, CEF-resistant Gram-negative bacteraemia, PTZ-resistant Gram-negative bacteraemia and carbapenem-resistant Gram-negative bacteraemia. "New cases" of MRSA and VRE included those infected with these organisms, as well those who were colonized.
We collected data on baseline characteristics of patients, disease-type and clinical outcome for the years periods 1 January 2012-31 December 2012 and 1 January 2014-31 December 2014, for two Haematology wards (total 52 beds). In addition, we also collected the following data for these two periods: bacteraemia (including rates of bacteraemia caused by carbapenem-resistant organisms), new cases of MRSA, new cases of VRE and mortality. We calculated the incidence density of carbapenem-resistant Enterobacteriaceae (CRE) in patients admitted to the DoH and compared it with the rest of the hospital. All microbiology data were obtained from the hospital's Laboratory Information System, and individually reviewed by the investigators. The defined daily doses (DDD) of CEF, PTZ, IMI and MER for 2012 and 2014 were calculated. All drug use data were obtained from the Pharmacy. The Antibiotic Heterogeneity Index (AHI) was calculated according to the formula used by Sandiumenge et al. [14] Data on admissions, discharge diagnoses and mortality were obtained from the hospital's data warehouse, with the help of the Information Technology office. Every death occurring in a bacteraemia patient was reviewed by the two senior authors to establish if there was a link between bacteraemia and death, following the guidelines issued by the US Department of Health and Human Services. [18] 
Clinical and infection control practices
In the DoH, ciprofloxacin prophylaxis is provided routinely for all patients expected to experience prolonged neutropenia. Blood cultures will be drawn, and antibiotics may be commenced or adjusted when a neutropenic patient spikes a fever. Blood cultures drawn from each patient consist of two aerobic and two anaerobic bottles (BACTEC Plus Aerobic/F and BACTEC Plus Anaerobic/F respectively), as well as one dedicated fungal bottle (BACTEC Myco/F lytic), from at least two different sites. These were not changed in the two periods of the study.
All new admissions are screened for MRSA (nose, axilla, and groin) and VRE (rectal). From August 2014, DoH admissions were also screened for CRE via rectal swabs.
Due to a limited number of single rooms, single rooms are only used to house the following categories of patients: MRSA respiratory dispersers, VRE-positive patients with diarrhoea and patients with C. difficile diarrhoea (for up to two days after diarrhoea stops). Patients who test positive for a respiratory virus are isolated in single rooms. These were not changed in the two periods of the study.
Laboratory methods
Please refer to S1 Appendix for details.
Definitions
Fever was defined as a single temperature measurement of >38.3˚C (101˚F) or a temperature of >38.0˚C (100.4˚F) sustained over a 1-hour period.
[1] Neutropenia was defined as an absolute neutrophil count (ANC) of <500 cells/mm 3 or an ANC that was expected to decrease to <500 cells/mm 3 during the next 48 hours.
[1] A single positive blood culture was adequate for the definition of bacteraemia, except for growth of coagulase-negative Staphylococcus, Bacillus, Corynebacterium or other skin contaminants, for which growth from at least two bottles, taken at different times, was needed. New cases of MRSA or VRE was defined as the isolation of that organism from either clinical or screening specimens in a patient who had never been positive previously, if the isolate grew from a sample submitted �48 hours after hospital admission. For multiply-admitted patients, a positive admission screen made the patient a new case, if previous admission screens were negative.
Statistical methods
Baseline characteristics of the two groups were summarized using descriptive statistics and the chi-square test was used to compare non-continuous variables. Antibiotic usage was expressed as DDD (defined daily doses) per 1000 patient days. The Poisson distribution method was used to calculate the 95% confidence interval (CI) for the incidence rate ratio of bacteraemia, new cases of MRSA and VRE between the two groups. A p-value of <0.05 was considered statistically significant.
Results
In 2012, there were 2012 admissions (26082 patient days) while in 2014 there were 1843 admissions (24331 patient days) to the two wards under study. The baseline characteristics of the patients admitted in these two different years are shown in Table 1 . Although there were more new diagnoses of acute myeloid leukaemia (AML) in 2012, the number of patients on chemotherapy for AML in 2012 was not different statistically from 2014. There was no difference in the number of admissions for the other malignant conditions, e.g. myeloma. (Table 1) The spread of non-malignant diagnoses (e.g. thalassemia, autoimmune haemolytic anaemia) was also not different.
In (Table 3) The difference in the primary end-point (all-cause mortality) was Alternating first-line antibiotics in FN not statistically significant: 11% in 2012 vs. 9% in 2014 (p = 0.12). (Table 4 ) Overall rates of bacteraemia were similar in both years, as were the rates of bacteraemia due to gram-negative organisms. (Table 5 ) There was no difference in the rate of isolation from blood cultures of CEF-resistant, PTZ-resistant and carbapenem-resistant gram-negatives in the 2 years under study. (Table 5 ) Since CRE screening for Haematology patients only started in mid-2014, there are no Haematology-specific rates for comparison. However, the hospital-wide rates were 0.05/1,000 patient days and 0.25/1,000 patient days in 2012 and 2014 respectively, for hospitalonset CRE. In terms of infection rates, there was no CRE bacteraemia in the two wards under study in 2012, and 1 in 2014 (p = 0.48, Table 5 ).
Discussion
In this report, we demonstrate the clinical effects of subjecting a population of patients to a strategy of "mixing". This is the term used by Bergstrom et al when one half of treated patients are assigned to one drug, and the other half to another. (11) Bergstrom et al show that the proportion of patients colonized with resistant organisms is greater for any cycling interval compared with 50-50 mixing. (11) Our day-by-day alternation of empirical first-line antibiotics is the closest strategy to the 50-50 mixing envisaged by Bergstrom et al. Most important, the strategy was safe. The primary outcome, all-cause mortality, was unchanged in the two observation periods. (Table 4) We could not run this as a randomized controlled trial, which is the major limitation. Nonconsenting patients would mean that the strategy could not be assessed, as the strategy of alternating antibiotics targeted the ecology of the ward. We were unsure if the strategy would be followed in the wards. Mixed results from other studies were attributed, in part, to poor compliance. [19] Hence, though the decision to alternate was reached in mid-2013, we collected data in this "before-after" study for the "after' period beginning in January 2014 in order to allow sufficient time for habits to change. Intermediate outcomes (e.g. use of antibiotics other than the first-line ones) could not be controlled. The data show that staff were compliant with the guidelines. CEF use almost halved, and PTZ use almost doubled in the "after" period, indicating the shift towards the new guideline. (Table 2 ) We also could not control the patient mix (e.g. through block randomization). Indeed, there were fewer patients with a new diagnosis of AML in 2014. But, the parameter that mattered-the number of new AML patients who started on chemotherapy-was not significantly different between the two years being studied. (Table 1) At least two other groups have attempted to introduce antibiotic heterogeneity with encouraging outcomes. The studies of Sandiumenge et al were restricted to an ICU setting. [14, 15] They compared resistance rates between periods during which antibiotics were "scheduled" Alternating first-line antibiotics in FN (certain antibiotics were "prioritized" and others "restricted"), "patient-specific" (i.e. given according to patient characteristics), or "mixed" (given to consecutive patients in pre-determined fashion). In both studies, they were able to achieve a high AHI. In the first study, the rate of carbapenem-resistant Acinetobacter baumannii fell during the mixing period. [14] In the second study, the authors concentrated on the rates of the ESKAPE organisms in patients with ventilator-associated pneumonia (VAP). [15] The main finding was that the incidence of resistant-ESKAPE organisms causing VAP fell during the mixing period. Takesue et al adopted a different approach to try to achieve heterogeneity. [16] Their study was not restricted to the ICU. They classified antibiotics into "restricted" or "recommended" or "non-supervised" (free-to-use) categories according to resistance rates to that class of antibiotic in the previous 3 months. They also achieved an increase in AHI, and the rate of resistant P. aeruginosa fell during the intervention period.
To our knowledge, our study represents the first attempt to bring about antibiotic heterogeneity in a Haematology setting. The AHI did rise after the alternate-day strategy was introduced, but not to levels achieved by Takesue et al or Sandiumenge et al. It is likely that the range of antibiotics used in the Haematology ward is not as broad as in other wards. Many patients are on a quinolone as it is our policy to use quinolones for febrile neutropenia prophylaxis. Amoxicillin-clavulanate and ceftriaxone are hardly used since, with febrile neutropenia in inpatients, only anti-pseudomonal antibiotics are recommended.
[1]
The lack of a statistically significant difference in mortality and bacteraemia rates in the two years under study suggests that the mixing strategy was safe. (Tables 4 & 5 ) Strikingly, the combined use of gram-positive agents fell in the mixing period. (Table 2) The rates of newlyacquired MRSA and VRE were unchanged in the two periods. (Table 3 ) There were 2 cases of VRE bacteraemia in 2012, and 3 in 2014. We therefore surmise that there were fewer fevers that persisted beyond the 48-hour mark. This squares with our anecdotal observations, as vancomycin tends to be an add-on drug when fever persists. This might indirectly indicate that the infections that triggered the fevers responded better to the antibiotics started in the mixing period. The lower overall antibiotic use, represented by a lower DDD after the alternate-day strategy was implemented, provides support for this theory. (Table 2) We were not able to show a difference in the rates of new cases of VRE or MRSA. Of the preventive measures against MRSA, the effective ones include improved hand hygiene, active surveillance followed by decolonization, and single-room isolation. [20] As single rooms are scarce in our hospital, we only isolate certain categories of MRSA-and VRE-positive patients. Antibiotic manipulation does not appear to be as crucial in the control of these pathogens.
However, the CRE rate appeared not to have increased in our unit, despite a big increase hospital-wide. Papers describing attempts at CRE control have reported bundled interventions, making it difficult to tease out the component that worked. [21] However there is a general consensus that lowering the overall volume of antibiotics might help with CRE containment. [21] The statistically significant overall DDD after implementation of the alternate-day strategy might hence have played a role. The unchanged rate of new cases of MRSA and VRE suggests that infection control practices were consistent across the time periods.
Conclusion
In summary, alternating first-line antibiotics in febrile neutropenia in patients with hematologic malignancies resulted in an increase in antibiotic heterogeneity, without increasing mortality. There was also no significant increase in bacteraemia rates and compliance with the use of the strategy was excellent.
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